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The dilepton emission in heavy-ion reactions at low beam energies is examined within a hadronic
transport approach. In this article, the production of electron-positron pairs from a new approach
named SMASH (Simulating Many Accelerated Strongly-interacting Hadrons) is introduced. The
dilepton emission below the hadronic invariant mass threshold is taken into account for all direct
vector meson decays. The calculations are systematically confronted with HADES data in the
kinetic-energy range of 1− 3.5A GeV for elementary, proton-nucleus and nucleus-nucleus reactions.
The present approach employing a resonance treatment based on vacuum properties is validated
by an excellent agreement with experimental data up to system sizes of carbon-carbon collisions.
After establishing this well-understood baseline in elementary and small systems, medium effects are
investigated with a coarse-graining approach based on the same hadronic evolution. The effect of
in-medium modifications to the vector meson spectral functions is important for dilepton invariant
mass spectra in ArKCl and larger systems, even though the transport approach with vacuum prop-
erties reveals similar features due the coupling to baryonic resonances and the intrinsically included
collisional broadening. This article provides a comprehensive comparison of our calculations with
published dielectron results from the HADES collaboration. In addition, the emission of dileptons
in gold-gold and pion-beam experiments, for which results are expected, is predicted.
I. INTRODUCTION
Dileptons are a clean probe for hot and dense matter,
as it is studied in heavy-ion collisions in a wide range of
beam energies. Since they only interact electromagneti-
cally, they escape the medium nearly unperturbed, thus
allowing unique access to the properties of the medium
and resonances that decay within a strongly interacting
medium. In contrast, hadronic decay products suffer
from re-scattering and absorption such that the inter-
esting information about the hot and dense stage of the
reaction is masked.
More specifically, dilepton production offers a com-
plementary perspective on the spectral function of the
vector mesons, which is reflected in the invariant mass
spectrum of the lepton pairs. A modification of these
spectral functions might indicate the restoration of chiral
symmetry [1–4]. Chiral symmetry is of major interest to
research, since its breaking accounts to a large extent for
the mass generation of the visible matter [5]. The corre-
sponding modifications to the spectral function of vector
mesons inside a hot and dense medium have been dis-
cussed in the literature [6–8]. Two modification scenar-
ios were prevalent, in particular for the ρ meson: a shift
in mass or a broadening of the spectral functions [9, 10].
For example, calculations based on hadronic many-body
theory [10] and the functional renormalization group [11]
are performed to obtain a quantitative understanding of
this effect.
This work focuses on the dilepton production in
elementary, nucleon-nucleus and nucleus-nucleus colli-
sions. Experimentally, the emission of dielectrons or
dimuons was studied at a number of different facilities.
At CERN SPS the high-quality experimental data of
dimuon production in indium-indium collisions recorded
by NA60 [12, 13] allowed the investigation of the ρ spec-
tral function and confirmed the previous dilepton mea-
surement from CERES [14] that revealed an excess in
the low invariant mass region. The findings of NA60 es-
sentially settled the debate of how the ρ spectral shape
changes inside a hot and dense medium. The data are
consistent with a broadening and disfavor a mass shift
of the ρ [15]. For higher energies up to
√
sNN = 200
GeV, dileptons are measured at RHIC by STAR [16]
and PHENIX [17]. Both also report an enhancement in
the dilepton invariant mass range from 0.30 to 0.76 GeV
that is again attributed to a broadening of the ρ spec-
tral function. The present work focuses on the dielectron
production in the kinematic regime of beam energies of
EKin = 1 − 3.5AGeV, which is covered by the HADES
experiment [18–24] at the GSI facility. The HADES re-
sults confirmed previous measurements from the DLS col-
laboration [25]. In the future, the CBM experiment at
FAIR [26] will add to the existing experimental data with
new results from the intermediate energy range, specif-
ically probing, together with complementary programs
from NICA and J-PARC, the dilepton emission from the
high net baryon density region.
To connect the theoretical calculations of the vec-
tor meson spectral functions with experimental mea-
surements, dynamical approaches that describe the full
evolution of heavy-ion collisions in detail have to be
employed. Hadronic transport approaches are ap-
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2plied successfully [27–30] for low beam energy colli-
sions. In the current work, a new hadronic transport ap-
proach, SMASH (Simulating Many Accelerated Strongly-
interacting Hadrons) [31], is introduced.
SMASH combines and adapts different successful as-
pects of previous transport approaches. For the here dis-
cussed dilepton production the resonance description as-
pects are most relevant. The resonance states employed
in UrQMD [27] are used as the foundation. Their prop-
erties e.g. their branching ratios are constrained with
PDG data [32] and experimental dilepton and cross sec-
tion data. Compared with the published results for the
dilepton production in UrQMD [33] more recent and ad-
ditional data is used. The spectral function is also treated
as in UrQMD, but the decay width treatment is the same
as in GiBUU [30]. However, no off-shell propagation is
taken into account like in the HSD [29] or the GiBUU
approach. Details specific to the dilepton production are
outlined below. Comparisons in this work are focused on
GiBUU and UrQMD, since they are most comparable to
the SMASH approach. For a recent, more general com-
parison of the different approaches, the reader is referred
to [34].
Dilepton emission within hadronic transport ap-
proaches has been extensively explored by previous work
using the GiBUU [35], the HSD [36] and the UrQMD [33]
approach. These studies cover a variety of aspects con-
cerning the dilepton production at low energies such as
the effect of the coupling of the ρ meson to baryonic
resonances, Bremsstrahlung, the ∆ contribution and the
density dependence. The dilepton emission is theoret-
ically based to a large extent on the GiBUU approach
(see Sec. II B), since it has recently proven to be success-
ful in describing the experimental data [35].
The previous efforts establish a solid foundation for
the work presented here, which nevertheless allows us
to add two new aspects: First, low-mass contributions
to the vector meson decay channels are studied for all
vector mesons. The spectral function for vector mesons
does not vanish at the hadronic threshold. Instead, it
vanishes at 2me, the smallest possible invariant mass
of the decay products, when including V → e+e− de-
cays (V = ρ, ω, φ). The treatment leads consequently
to low-mass contributions below the hadronic threshold
for direct vector meson dilepton decays. These low-mass
dilepton yields are investigated. In particular, their sig-
nificance relative to other decay channels and for the total
yield is studied. In this work, all vector mesons (ρ, ω, φ)
are included. This is an extension of previous work with
the GiBUU approach, which considered such contribu-
tions only for the ρ meson. The UrQMD approach, on
the other hand, neglects them entirely for numerical rea-
sons.
Secondly, the employment of a coarse-graining ap-
proach [37] in combination with the just discussed low-
mass contributions offers the unique opportunity of a di-
rect comparison (see Sec. III D 2). It is possible to in-
vestigate different medium effects on the dilepton spec-
trum including the low-mass region based on the same
hadronic evolution. The coarse-graining approach em-
ploys in-medium spectral functions for the vector mesons
whereas the transport calculation’s spectral functions are
based on vacuum properties. Therefore, a comparison of
the decay yield of the vector mesons produced by both
approaches is of particular interest. Although results
for a coarse-grained UrQMD dilepton production are re-
ported [37, 38], such a direct comparison has not been
performed. Additionally, the low-mass contributions are
neglected for the UrQMD transport calculations, making
a comparison to the corresponding coarse-grained results
in this mass region unfeasible. For GiBUU no coarse-
grained results are reported so far.
In addition, to these new results, this work is moti-
vated by the validation of and constraints for the SMASH
approach in general and the resonance description in par-
ticular. They are provided by the calculation of the dilep-
ton yield and the subsequent comparison to experimental
data. It is for example possible to specifically probe and
constrain the branching ratios of decays of baryonic reso-
nances into vector mesons. The dilepton production fur-
thermore facilitates comparisons to other approaches as
well as predictions for newly measured collision systems
by HADES [39, 40]. A well controlled baseline of the
dilepton production for the hadronic sector with vacuum
properties is also essential to study higher energies e.g.
in a hybrid approach [41, 42]. There the final state non-
equilibrium emission is calculated with hadronic trans-
port approaches. Studying the effect of late stage re-
scattering on the dilepton production is planned for fu-
ture work. Emission of dileptons also remains a key ob-
servable for upcoming facilities focusing on high-density
collisions, e.g. CBM at FAIR, which will also be explored
with the SMASH approach in the future.
As discussed at the beginning of this section, medium
effects are closely related to the study of dileptons and
are therefore a focus of the discussion of the results re-
ported here. The microscopic transport includes the so
called collisional broadening. Since absorption of reso-
nances by other hadrons is dynamically accounted for,
the lifetime is shortened in the presence of a hadronic
medium. The reduction of the lifetime equals an effec-
tive broadening of the decay width of the resonance. The
later employed coarse-graining approach additionally in-
cludes vector meson spectral functions that are explic-
itly dependent on the temperature and density of the
medium [10, 43]. Such modifications will be labeled as
in-medium modifications in the following, since they are
only employed for the evolution within a hot and dense
medium. In this context, the coupling of baryons to the
vector mesons is of particular interest [6]. In SMASH this
coupling is included as the decay of baryonic resonances
into vector mesons. Whereas in the calculation of the
in-medium spectral functions, the coupling enters as an
important contribution to the self-energy. This is done in
a self-consistent way including interference terms. On the
other hand, the presented transport calculation neglects
3interference terms as well as broadening of the spectral
function originating from a consistent treatment of the
self-energies in the vector meson propagator as an ap-
proximation. The results reported in the following allow
us to access these medium effects, since they affect the
dilepton invariant mass spectra significantly. In particu-
lar, the mentioned direct comparison between the emis-
sion of the transport and the coarse-graining approach
allows us to contrast the different employed effects.
This work is outlined as follows: First, in Sec. II the
SMASH approach is introduced with an emphasis on the
employed resonance and dilepton production. The results
in Sec. III are sorted by system size, where the studied
systems are chosen according to the HADES program.
As a start, the dilepton production in elementary reac-
tions in Sec. III A and the cold nuclear matter scenario of
proton-nucleus reaction in Sec. III B are calculated in or-
der to establish the above mentioned baseline for the lep-
ton pair emission. Afterwards, nucleus-nucleus collisions
are studied in Sec. III C. For the large systems the coarse
graining approach based on the same hadronic evolution
is explored (Sec. III D), which enables us to probe the sen-
sitivity to in-medium modifications of the vector meson
spectral functions in larger systems. This additionally
permits the direct comparison mentioned above between
the dilepton emission based on a vacuum and in-medium
description of resonances. Finally, a summary and out-
look of the presented work is supplied in Sec. IV.
II. MODEL DESCRIPTION
A. SMASH
The approach applied in this work is SMASH (Simu-
lating Many Accelerated Strongly-interacting Hadrons),
which is a new hadronic transport approach for the dy-
namical description of collisions at low and intermedi-
ate beam energies and dilute non-equilibrium stages of
heavy-ion collisions. The goal is to provide a standard
reference for hadronic systems with vacuum properties.
SMASH is a microscopic approach based on the relativis-
tic Boltzmann equation. The collision term is modelled
by excitation and decay of resonances and is restricted to
binary collisions. Two particles collide, if the geometric
collision criterion (dtrans <
√
σtot/pi) is fulfilled. Only bi-
nary collisions and two body decays are performed in or-
der to conserve detailed balance. Generic multi-particle
decays (e.g. ω → 3pi) are incorporated by assuming in-
termediate resonance states (ω → ρpi → 3pi). The model
includes all well known hadronic degrees of freedom listed
by the PDG [32] up to a mass of 2.35 GeV. The agree-
ment with elementary cross section data up to 4 GeV as
well as reasonable agreement for proton and pion spec-
tra with experimental data for EKin = 1 − 2AGeV is
shown in [31], which also includes a comprehensive de-
scription of the approach. The version used for this work
is SMASH-1.1.
1. Resonance description
Since dileptons are sensitive to resonance properties,
the treatment of resonances is of great importance. In
general, the current work mainly concentrates on vacuum
spectral functions to provide a baseline for additional in-
medium modifications.
All resonance spectral functions are relativistic Breit-
Wigner functions:
A(m) = 2N
pi
m2Γ(m)
(m2 −M20 )2 +2 Γ(m)2
. (1)
Here M0 is the pole mass and m is the actual mass of the
resonance. The normalization factor N is chosen such
that
∞∫
0
dmA(m) = 1 . (2)
It deviates from 1, since the decay width is mass-
dependent. The deviation is below 55% for all particles,
with most normalization factors close to unity.
Energy-momentum conservation is always enforced in
the propagation and creation of resonances. In this sense,
all resonances are always on the mass shell (on-shell).
The spectral functions vanish at the combined mass
of the lightest decay products. It is important to note
that the dilepton decay mode is correctly taken into ac-
count as the kinematic threshold. The spectral func-
tions of resonances that directly decay into a lepton pair
(R → l+l−) have contributions below the lightest com-
bined mass of hadronic decay products, which is referred
to as the hadronic threshold here. In Fig. 1 the spectral
function of the three vector mesons with dielectron decay
channel are depicted as an example. The spectral func-
tions peak at the pole mass M0 and, as expected from
their widths, the ρ peak is the broadest, followed by the ω
and the sharp φ. Noticeable is the kink for the ρ spectral
function at around 0.3 GeV. The decay with the light-
est hadronic decay products for the ρ is ρ → pi+pi−, so
the hadronic threshold is at 2mpi. This threshold leads
to the kink, because the partial hadronic decay width of
the pi decay vanishes at this mass. Since the ρ can also
decay into an e+e− pair the spectral function continues
down to 2me. This is also true for the ω and the φ. Both
spectral functions also have contributions down to the
combined mass of the actual lightest decay products –
the dielectron mass.
This treatment of thresholds was introduced in [35]
for the ρ meson and marks a difference to other ap-
proaches [33, 44], which neglect the contributions below
the hadronic threshold for numerical reasons. To study
the significance of those sub-threshold dilepton contribu-
tions and to be consistent, the treatment is extended to
all three vector mesons in this work. We find that they
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FIG. 1. Spectral Function of the vector mesons with dielec-
tron decay mode.
affect the dilepton spectrum in the low-mass region (see
the discussion in III A 1, III C 1 and III C 3). In a Monte-
Carlo approach it is however challenging to numerically
populate the mass region below the hadronic threshold,
since the spectral function (Fig. 1) in this region only
has small values. This leads to visible statistical fluctu-
ations in some of the following dielectron invariant mass
spectra.
The non-trivial shape of the spectral function, as e.g.
seen in Fig. 1, originates from the mass dependent decay
width Γ(m), which is the sum of all partial decay widths
for the different decay modes.
Γ(m) =
∑
i
Γi(m) (3)
The lifetime of the resonances is given as τ = 1/Γ(m).
We have verified that changing the lifetime to be τ =
1/Γ(M0) does not alter results significantly in elemen-
tary reactions. All hadronic partial widths are calculated
following the framework of Manley et al. [45] (without
taking the exact same parameters for the resonance prop-
erties). The partial width of a two-body resonance decay
R→ ab is calculated as follows
ΓR→ab = Γ0R→ab
ρab(m)
ρab(M0)
. (4)
The function ρab(m) is defined as
ρab(m) =
∫
dmadmbAa(ma)Ab(mb)
×|~pf |
m
B2L(|~pf |R)F2ab(m) , (5)
where ma and mb are the masses of the decay products
a and b, Aa/b is their respective spectral function and
|~pf | the absolute value of the final-state momentum of a
and b in the center-of-momentum frame. Equation 5 also
includes the ”Blatt-Weisskopf functions” BL [46] and the
form factor Fab. For a more detailed description of the
resonance treatment the reader is referred to [31]. The
decay widths used for dilepton decays are described in
section II B 1.
2. Elementary cross sections
Cross section data are in general a valuable tool to
constrain the particle production for different collision
energies. This section includes several results for parti-
cles that decay into dileptons. Their production there-
fore directly influences the dilepton production studied
in this work. The cross section results complement the
already reported total and single pion production cross
sections in [31]. Beginning with the η production cross
section in pp collisions, Fig. 2 shows the exclusive η pro-
duction in pp → ppη. A good agreement is observed
close to the threshold, whereas too many η mesons are
produced from pp → ppη for √s > 3.25 GeV. The dis-
agreement however does not affect the few-GeV energy
range of HADES measurements studied in this work. Er-
ror bars in Fig. 3, which shows the exclusive ω production
cross section are large and SMASH results are in reason-
able agreement with them. In the case of the ρ meson,
both inclusive (pp→ ρ+X) and exclusive cross sections
(pp → ppρ) are shown (Fig. 4). Both are overestimated
(solid lines) compared to the experimental data points,
especially the exclusive cross section, which dominates
the inclusive cross section for energies close to the thresh-
old. It is important to consider here that the ρ meson
in SMASH is used as an intermediate state to emulate
different Dalitz decays in two steps following the idea
of strict Vector Meson Dominance [51]. The advantage
of this treatment is the conservation of detailed balance.
The two most prominent decays are the 3pi decay of the ω
(ω → ρpi → 3pi) and the N∗(1520) dilepton Dalitz decay,
which is emulated by N∗(1520) → ρN → e+e−N . Ne-
glecting these additional proxy contributions (transpar-
ent lines in Fig. 4) leads to an agreement within errors
for the inclusive cross section data point, but not for the
exclusive channel. The overestimation in the inclusive ρ
production therefore can be seen as a compromise of the
two-step treatment of three-body decays.
3. Isospin-asymmetric η production
In general SMASH assumes isospin symmetry in the
production of particles, but there are a few exceptions
of this treatment for NN reactions. One is newly intro-
duced for this work to improve the description of the
dilepton yield stemming from the Dalitz decay of the η
meson. There exists experimental evidence that the η
production via pn → pnη is enhanced in comparison to
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FIG. 2. Production cross section for pp→ ppη. Experimen-
tal data from [47–49].
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FIG. 3. Production cross section for pp→ ppω. Experimen-
tal data from [49].
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FIG. 4. Exclusive production cross section for pp → ppρ
(empty data points from [49, 50]) and inclusive pp → ρ + X
cross section (full data point from [20]).
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FIG. 5. Cross section for pn → pnη. Experimental data
from [52].
pp → ppη by approximately a factor of 6.5 [52]. The
dominant source of the η meson for low energies is the
decay of N∗(1535), therefore we enhance its production
following the suggestion from [53] by modifying the ma-
trix element,
|Mpn→NN∗(1535)|2 = 6.5× |Mpp→NN∗(1535)|2. (6)
This introduction of isospin asymmetry in the produc-
tion of N∗(1535) and consequently of η mesons greatly
improves agreement with experimental data from [52] as
seen in Fig. 5.
B. Dilepton production
Dileptons in SMASH are solely produced by direct or
Dalitz decays of resonances (Table I).
TABLE I. Direct and Dalitz dielectron decays
ρ→ e+e−
ω → e+e−
φ→ e+e−
pi → e+e−γ
η → e+e−γ
η′ → e+e−γ
ω → e+e−pi0
φ→ e+e−pi0
∆+ → e+e−p
∆0 → e+e−n0
The vector mesons ρ, ω and φ decay directly into a lep-
ton pair, therefore the invariant mass of the pair equals
the mass of the resonance. Although in principle direct
decays of either electrons and muons are implemented,
this work will focus on dielectrons only. Results of the
dimuon production can be found in [54]. Dalitz decays
6are incorporated for pseudo scalar mesons (pi,η,η′), vec-
tor mesons (ω, φ), and ∆ baryons. All resonances are
either produced by inelastic scattering, 2→1 absorption,
or decays of other resonances. This also means that di-
rectly decaying resonances, like, e.g., the ρ meson, in-
clude Dalitz-like contribution by coupling to baryonic
resonances via processes like N∗/∆∗ → ρX → e+e−X
(see section III A 1). Note that in addition to the modi-
fications of the vector meson spectral functions due to
the described explicit coupling to baryonic degrees of
freedom, collisional broadening is dynamically taken into
account by construction. In a dense hadronic medium,
the chance for the resonances with electromagnetic de-
cay channels to scatter with another particle before they
decay is enhanced compared to reactions in the vacuum.
This leads to a reduction of the lifetime and therefore
an effective broadening. All dilepton decays are treated
isotropically. Other transport models [35, 36] describ-
ing dilepton production for low energies additionally in-
clude non-resonant production of dileptons via NN and
piN Bremsstrahlung. Such contributions are neglected in
this work, but remain a possible extension of this ap-
proach in the future.
1. Decay widths and form factors for dilepton decays
The decay width for direct decays ΓV→l+l−(mll) with
V = ρ, ω, φ under the assumptions of Vector Meson Dom-
inance [55] is
ΓV→l+l−(mll) =
ΓV→l+l−(M0)
M0
M40
m3ll
×
√
1− 4m
2
l
m2ll
(
1 +
2m2l
m2ll
)
(7)
with mll being the invariant mass of the lepton pair,
M0 the pole mass of the vector meson and ml the lep-
ton mass. For ΓV→l+l−(M0) values from the PDG [32]
are used. The m−3ll dependence can also be observed in
Fig. 1 for contributions to the spectral function below
the hadronic threshold (red dashed line), where only the
dilepton width is contributing.
For Dalitz decays the invariant mass of the dilepton is
not fixed by the mass of the decaying resonance, because
of the three decay products. Hence only a differential de-
cay width dΓ/dmll is given. For the pseudoscalar Dalitz
decays P = pi0, η, η′ the differential width is given by [56],
dΓP→γe+e−
dmll
=
4α
3pi
ΓP→γγ
mll
(
1− m
2
ll
m2P
)3
|FP (mll)|2 (8)
with Γpi0→γγ = 7.6 · 10−6 MeV, Γη→γγ = 5.2 · 10−4 MeV
and Γη′→γγ = 4.4 · 10−3 MeV [32], α = 1/137 and mP
the mass of the pseudosalar meson. The form factors FP
are
Fpi0(mll) = 1 + bpi0m
2
ll , bpi0 = 5.5 GeV
−2 , (9)
Fη(mll) =
(
1− m
2
ll
Λ2η
)−1
, Λη = 0.716 GeV (10)
with Λη taken from [57]. For the η
′ form factor the QED
approximation Fη′(mll) = 1 is used. The vector-meson
Dalitz decays (V = ω, φ) are parametrized by [56, 58],
dΓV→pi0e+e−
dmll
=
2α
3pi
ΓV→pi0γ
mll
×
[(
1 +
m2ll
m2V −m2pi
)2
− 4m
2
Vm
2
ll
(m2V −m2pi)2
]3/2
× |FV (mll)|2 , (11)
where mV is the mass of the vector meson, mpi the pion
mass and
|Fω(mll)|2 = Λ
4
ω
(Λ2ω −m2ll)2 + Λ2ωΓ2ω
. (12)
The other parameters are set as follows: Γω→pi0γ = 0.703
MeV, Γφ→pi0γ = 5.4 keV [32], Λω = 0.65 GeV and
Γω = 75 MeV [58]. For the φ form factor the QED
approximation |Fφ(mll)|2 = 1 is chosen. Note, that in
previous work [59] the possibility of describing these de-
cays, similar as the hadronic V → 3pi decays, in two steps
via an intermediate ρ meson V → piρ→ pie+e− has been
explored. This would render the parametrizations given
above obsolete and remains an appealing option for the
future. For this work we have chosen to use the more
established direct treatment, which also allows more di-
rect comparison to similar approaches [33, 35] that rely
on the same formalism.
For the ∆ Dalitz decay, the differential decay width by
Krivoruchenko et al. [60] is applied,
dΓ∆→Ne+e−
dmll
=
2α
3pi
Γ∆→Nγ∗(mll)
mll
, (13)
Γ∆→Nγ∗(mll) =
α
16
(m∆ +mN )
2
m3∆m
2
N
× [(m∆ +mN )2 −m2ll]1/2
× [(m∆ −mN )2 −m2ll]3/2
× |F∆(mll)|2 . (14)
The form factor |F∆(mll)|2 is a topic of ongoing de-
bate [61, 62]. For this work, it is chosen to be constant
and fixed at the photon point F∆(0) = 3.12 ≡ F∆(mll),
where it is known that Γ∆→Nγ(0) = 702 MeV [32].
72. Shining method
In experiment as well as in numerical simulations a
major challenge of electromagnetic probes is their rare
production. For dileptons the decay branching ratios are
small, typically on the order of 10−5. Leptons are there-
fore treated perturbatively by the so called Time Inte-
gration Method, also referred to as the Shining Method
[63, 64]. The idea is to obtain the dilepton yield ∆Nl+l−
by integrating the decay probability of the dilepton de-
cay mode Γl+l−dt over the Lorentz-corrected (γ) lifetime
τ = t† − t∗ of a given resonance:
∆Nl+l− =
∫ t†
t∗
dt
γ
Γl+l− . (15)
This is done numerically by continuously emitting
(shining) dileptons during the propagation of a resonance
and weighting them by taking their decay probability into
account. Such a perturbative treatment neglects any sec-
ondary interactions of the leptons after the decay, e.g. by
the Coulomb force. This is justified since leptons only in-
teract via the weak electromagnetic interaction and are
not perturbed by strong interactions.
III. RESULTS
This section is separated into four main parts cover-
ing all available experimental data for dilepton produc-
tion in low beam energy collisions. First, elementary re-
actions are studied to confirm the hadronic baseline of
the here presented transport approach. Afterwards re-
sults for nuclear systems, sorted by system size starting
with pA and ending with AuAu collisions, are presented.
The last part is focused on the coarse-grained hadronic
space-time evolution including in-medium modifications
of spectral functions. In general, contributions from all
decay channels (Table I) are taken into account, but for
the Dalitz decays of φ and η′ in particular only negligible
contributions are observed for the systems studied here.
Therefore, almost all results exclude both channels. All
results that include experimental data from HADES are
filtered using the HADES acceptance filter (HAFT [65]).
Additionally, in order to match the experimental analysis
procedure an opening angle (Θ > 9◦) cut and the single
lepton momentum cut for the specific system have been
applied.
A. Elementary collisions
Elementary collisions offer the possibility to constrain
and test the description of the binary reactions occurring
in a nucleus-nucleus collision. Therefore, they represent
a baseline for the dilepton production in nucleus-nucleus
reactions. Results for three different systems are shown:
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FIG. 6. Invariant mass spectrum of dielectrons produced in
pp collisions at EKin = 1.25 GeV. Experimental data from
[18].
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FIG. 7. Invariant mass spectrum of dielectrons produced in
pp collisions at EKin = 2.2 GeV. Experimental data from [19].
proton-proton, neutron-proton and pi-proton. For the
sake of data comparison, the same energies as measured
by HADES were chosen [18–20]. Results for the pion
beam are not published yet, so predictions, which are
not filtered for acceptance, are shown.
1. pp
Dilepton production in proton-proton (pp) reactions
is calculated for three different kinetic energies EKin =
1.25/2.2/3.5 GeV in a fixed-target setup. Fig. 6 and
Fig. 7 show the dilepton invariant mass spectrum for the
two lower energies in comparison to HADES data [18, 19].
For the reaction at EKin = 1.25 GeV (Fig. 6) only
four different channels of the whole dilepton cocktail are
contributing. The pi0 Dalitz decay dominates in the pi0
invariant mass region up to around 0.15 GeV. Above 0.15
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FIG. 8. Invariant mass spectrum of dielectrons produced
by pp collisions at EKin = 3.5 GeV. Experimental data from
[20].
GeV in the low mass region, the Dalitz decay of the ∆+
decay is dominant. Since the ∆+ and the ∆0 contribu-
tions are plotted separately a difference of more than one
order of magnitude can be observed. The ∆+ is more
likely to be produced, since it can be a product of the
primary collision, whereas the ∆0 can only be formed in
secondary reactions due to charge conservation and the
fact that only 2 → 2 reactions are allowed in SMASH.
In the higher invariant mass region a large contribution
from the direct ρ meson channels is noticed. The total
yield is in good agreement with experimental data.
Since a kinetic energy of EKin = 1.25 GeV is slightly
below and EKin = 2.2 GeV is above the η production
threshold, a contribution from the η meson is seen in
Fig. 7. Also, additional significant contributions from ω
decays are observed for the higher kinetic energy. Here,
the η yield is dominant for the invariant mass region up to
around 0.4 GeV. The pi again dominates for low invariant
masses and the ρ in the mass region above 0.4 GeV. The
peak in the ω → e+e− spectrum at the ω pole mass can
already be observed for this kinetic energy. The overall
agreement with data is again reasonable.
Fig. 8 shows the invariant mass spectrum produced by
fixed target pp reactions with a kinetic energy of 3.5 GeV.
Because of the higher energy the spectrum reveals two
new features: a more pronounced ω peak and an addi-
tional φ contribution. The significant contributions to
the spectrum now reach up to 1.1 GeV. Again, a good
agreement with experimental data is observed. In Ap-
pendix A, pT and y spectra for different invariant mass
windows are shown for completeness.
The contributions from the direct decays of the vector
mesons with masses reaching below the hadronic thresh-
olds are important for all three energies. They originate
from the resonance description introduced in Sec. II A 1
that considers the dilepton decays for the spectral func-
tion. In the case of the ρ meson, those contributions are
significant for the total yield in the low mass region. For
the ω they are negligible compared to e.g. the ω Dalitz
decay for the here discussed elementary system. Never-
theless, Fig. 8 does show that contributions below the
hadronic threshold are observed for both mesons. This
also holds for the direct φ decay, but low invariant mass
contributions in pp are too small to be visible for the φ
meson on the chosen scale.
After discussing the general features of dilepton pro-
duction in pp collisions, the focus in the following will be
on the contribution from the vector mesons.
The previously shown findings for the elementary
production cross-section of ρ mesons measured in the
hadronic channel (Fig. 4) translate directly to the corre-
sponding dilepton spectra. At low energies (EKin = 1.25
and 2.2 GeV), where the overestimated exclusive ρ pro-
duction via pp → ppρ is dominant, the ρ yield is large,
meaning it pushes the total yield to the upper limits of
the error bars, whereas for the highest kinetic energy
(EKin = 3.5 GeV) this is not the case. Overall, the over-
estimation of the exclusive cross-section does not result
in an overestimation of the total dilepton yield, which
indicates that the inclusive ρ production is in line with
the experimental dilepton results.
In order to fully understand the dilepton production,
the origin of the ρ and ω resonance is investigated. Ear-
lier studies [10, 35, 43, 66] revealed that in particular the
coupling of the vector mesons to baryonic resonances is
of importance. Such information is however challenging
to obtain in experiment alone, therefore only few exper-
imental studies are available [67]. Comparisons to theo-
retical models that keep track of the whole process his-
tory enable insights into important couplings by splitting
the ρ and ω contributions by origin. Additionally, such
studies offer the possibility to constrain resonance prop-
erties such as branching ratios.
At the top of Fig. 9 the different contribution to the
overall ρ dilepton yield (thick blue (upper) line, same
as in Fig. 8) are shown for pp reactions at a kinetic
energy of 3.5 GeV. To allow comparisons to the over-
all invariant mass spectra, all dileptons in Fig. 9 are
also acceptance filtered. Two different processes are
important: pi+pi− annihilation and the decays of dif-
ferent baryonic resonances. The annihilation process
has a small yield as expected in elementary pp col-
lisions, because it requires rare secondary scatterings.
While the pipi process of course has a threshold at 2mpi,
the significant contributions below this threshold come
from Dalitz-like contribution of the lighter baryonic res-
onances (B∗ → ρN → e+e−N , B = N,∆), mainly
N∗(1520),∆∗(1620) and ∆∗(1700). These populate the
large low-mass tail of the overall ρ yield. The different
shape of the N∗(1520) is due to the kinematic limita-
tion that the pole mass of the resonance is too small to
produce a ρ at the pole mass in the reaction N∗ → Nρ.
For higher invariant masses, higher baryonic resonances
are important. Especially, the combined heavy N∗
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FIG. 9. Different contributions to the invariant mass
spectrum of dielectrons produced by decays of ρ (top)
and ω (bottom) mesons for pp collisions at EKin =
3.5 GeV. Heavy N* states include contributions from
N∗(2080), N∗(2190), N∗(2220), N∗(2250), all of the form
N∗ → ρN → e+e−N .
states (N∗(2080), N∗(2190), N∗(2220), N∗(2250)) dom-
inate the high mass tail. Other contributions include
higher mesonic states and baryonic resonances that have
no significant effect on the overall ρ contribution.
Fig. 9 also shows the different contributions to the
overall ω yield (thick green (upper) line, same as in
Fig. 8) at the bottom. Since the ω width is much
smaller, it shows a very clear peak structure at its pole
mass in the invariant mass spectrum; ωs are mainly pro-
duced by nucleon resonance decays. A clear mass order-
ing can be observed. The lightest baryonic resonances,
N∗(1710), N∗(1875), have the largest contributions fol-
lowed by the heavier resonances in order of their pole
masses. The contribution below the hadronic thresholds
that mainly forms the low-mass tail is the N∗(1710) reso-
nance, which is also the lightest resonance that can decay
into ω with a pole mass below the mN +mω threshold.
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FIG. 10. Invariant mass spectrum of dielectrons produced
by quasi-free np reactions at EKin = 1.25 GeV. Experimental
data from [18]
Overall the dilepton production in SMASH for pp col-
lisions as the cleanest probe for elementary collisions is
well understood and in good agreement with experimen-
tal data and offers a solid base to study larger systems.
2. np
The next system of interest is the elementary neutron-
proton (np) system. Dilepton production has been
measured by HADES, realizing np collisions by using
a deuteron beam on a proton target and triggering
on forward-going protons (so called spectator protons).
These reactions are called quasi-free. Since the deuteron
is a bound system, the nucleons inside carry additional
momentum. The results for this work were obtained
following an ansatz referenced in the HADES publica-
tion [18]. The neutron projectile is given additional mo-
mentum according to the momentum distribution of the
PARIS potential [68, 69], neglecting the relatively small
binding energy of the deuteron itself.
Fig. 10 shows results for the dilepton production of
quasi-free np reactions at EKin = 1.25 GeV. The ad-
ditional momentum of the neutron inside the deuteron
leads to a higher kinematic threshold than in the pp
case (Fig. 6) for the same energy, so contributions up
to 0.6 GeV are significant. The same channels as in pp
are contributing, but, because the energy now reaches
above the η threshold, an additional η yield is observable.
In addition, the isospin asymmetry between ∆+ and ∆0
does not exist anymore, since both are equally likely to
be excited in a primary collision. The mass region below
0.15 GeV is dominated by the pi0 contribution. In the
low-mass region, η,∆ and ρ are all contributing, while
for masses above 0.4 GeV, the direct ρ decay becomes
the dominant contribution.
Compared to the HADES data [18], a large discrepancy
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is observed for masses higher than 0.15 GeV, suggesting
that the pi0 contribution is described reasonably well, but
other channels are underestimated. One possible exten-
sions that would enhance the total yield include the ad-
dition of np Bremsstrahlung or a np→ dη channel. Such
extensions, however, were not successful in describing the
experimental data in the similar GiBUU transport model
[35]. Two other promising explanation are tested in [70]
in the context of the same experimental data. The first
focuses on the, in this work neglected, radiation of dilep-
tons from an internal charged meson line and is based
on a one-boson exchange model [71]. The second focuses
on double ∆ excitations as a possible solution [72]. Both
models lead to a significant better agreement with ex-
perimental data, with the first one slightly favored by
the experimental data [70]. Additionally, as argued in
[73] the channel np→ de+e− might be important for the
spectrum discussed here.
Similar to other transport approaches [35, 36], the
np system seems to be only underestimated at this low
energy. The later discussed carbon-carbon collisions
for example, which are close to a superposition of pp
and np collisions [18], only show a similar systematic
underestimation of the dilepton production around the
same energy of 1A GeV. For the higher discussed en-
ergy (EKin = 2.0AGeV), the agreement with experimen-
tal measurements improves considerably. A reasonable
agreement is also seen for higher energies in the studied
proton-nucleus system. Improvements as discussed above
are therefore left for future work.
3. Pion beam
Besides the discussed NN reactions, pion-beam reac-
tions, where pi− scatter on a proton target, are consid-
ered. The kinetic energy of EKin = 0.56 GeV matches
upcoming HADES results [39] for this system and is
specifically chosen to probe the ρ production around the
N∗(1520) pole mass.
Indeed, the ρ dilepton decay is observed to be the dom-
inant contribution to the dilepton invariant mass spec-
trum from pip at EKin = 0.56 GeV (Fig. 11). Only for
invariant masses lower than 0.15 GeV, it is exceeded
by the pi decay contribution. Other smaller contribu-
tions include η and ∆0, negligible are ∆+, ω and φ.
Compared to pp the ordering of the ∆+ and ∆0 is in-
verted for this system due to the same reason as men-
tioned before: because of charge conservation only ∆0
can be produced in primary collisions. The sharp kine-
matic threshold at 0.56 GeV due to the available center
of mass energy is noticeable as well. The red dashed line
in Fig. 11 indicates the N∗(1520) contribution to the ρ
spectrum. It is the only relevant contribution to the ρ
spectrum and with this to the overall spectrum above
0.15 GeV. Therefore this setup provides a good oppor-
tunity to test and constrain the coupling of the ρ to the
N∗(1520). Currently SMASH treats the N∗(1520) Dalitz
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
mee [GeV]
10-8
10-7
10-6
10-5
10-4
10-3
10-2
10-1
100
101
d
N
/d
m
[1
/G
eV
]
pip at 0.56 GeV 
all
ρ→e+ e−
ω→e+ e−
φ→e+ e−
pi0 →γe+ e−
η→γe+ e−
ω→pi0 e+ e−
∆0 →ne+ e−
∆+ →pe+ e−
N ∗ (1520)→ρN→e+ e− N
FIG. 11. Invariant mass spectrum of dielectrons produced
by pip reactions at EKin = 0.56 GeV.
decay (N∗(1520)→ e+e−N) via the strict Vector Meson
Dominance assumption, where the resonance decays via
an intermediate ρ meson. The pion beam experimental
data will be valuable to constrain this assumption and
the extensive theoretical investigation of the ρ−N inter-
action in general, which started with [74–76] (see [77] for
a review). For example, a test of the simple ”QED point-
like” Rγ∗ model [78], where the Dalitz decay is performed
directly and the involved electromagnetic form factor is
chosen to be constant, would be possible.
B. Proton-nucleus collisions
The dilepton production in proton-nucleus (pA) colli-
sions, as a cold nuclear matter scenario, is discussed for a
proton projectile that scatters on a niobium target with
EKin = 3.5 GeV (pNb). To obtain the cross-section the
value reported in [21] (σpNb = 848± 127 mb) is used.
A comparison to HADES data [21] of the invariant
electron-pair mass spectrum is displayed in Fig. 12. In
the low-mass region, the pi and η contributions are promi-
nent. The pi peak is slightly overestimated, hinting at a
problem with the overall normalization. The experimen-
tal data also reveal a stronger shoulder around 0.5 GeV.
Besides the dominant ρ and ω contributions in the
mass region from 0.5 GeV up to 0.9 GeV, a strong φ
peak surfaces around 1 GeV. The φ production is exper-
imentally not well known. Neither N∗ → φN branching
ratios nor the pp→ ppφ cross section beyond the thresh-
old are constrained by experimental data. Therefore, the
simple ansatz reported in [79] is followed in this work.
All nucleon resonances with a pole mass of 2080 MeV or
higher decay into Nφ with a fixed branching ratio. The
φ peak in pNb allows us to constrain the fixed branching
ratio within our approach to a value of 0.5%, which is
larger than the value reported in [79]. Note that because
of the larger system medium effects like absorption also
11
0.0 0.2 0.4 0.6 0.8 1.0 1.2
mee [GeV]
10-3
10-2
10-1
100
101
102
103
d
σ
/
d
m
[µ
b
/
G
eV
]
pNb at 3.5 GeV 
all
ρ→e+ e−
ω→e+ e−
φ→e+ e−
pi0 →γe+ e−
η→γe+ e−
ω→pi0 e+ e−
∆0 →ne+ e−
∆+ →pe+ e−
HADES
FIG. 12. Invariant mass spectrum of dielectrons produced
by pNb reactions at EKin = 3.5 GeV. Experimental data from
[21].
play a role. Unfortunately, the corresponding elementary
pp data that would offer a clean vacuum reference only
provides an upper bound in the φ peak mass region due
to large error bars. Nevertheless, the obtained value is
consistent with this bound, since an agreement within
error bars is seen in Fig. 8.
Overall experimental data and SMASH results are in
reasonable agreement. Therefore, it seems that the reso-
nance description based on vacuum properties is able to
account for the dynamics to some extent, whereas the un-
derestimation around 0.5 GeV might hint at an onset of
a broadening of the ρ-like contribution due to a stronger
coupling of the ρ to baryonic resonances.
Fig. 13 displays the invariant mass spectrum for two
different dilepton momentum windows (0 < pee < 800
MeV and pee > 800 MeV). Again, an overall reason-
able agreement is observed. The underestimation of the
shoulder at 0.5 GeV is only seen for the low momentum
dileptons, which further points to a broadening of the
ρ spectral shape. Effects by the medium are enhanced
for the low momentum dileptons, since the decaying res-
onances are traversing the medium longer. The ω and
the φ peak are nicely matched. On the one hand, this
validates the extracted N∗ → φN branching ratio. On
the other hand, if one compares the peaks between mo-
mentum cuts, the peaks are suppressed for the low mo-
mentum dileptons. This is caused by absorption of low-
momentum resonances inside the cold nuclear matter.
These findings support the results reported in [21]. Fur-
thermore, this validates the microscopic dynamics, since
absorption is a medium effect that is intrinsic to trans-
port approaches (in contrast to modification of spectral
shapes).
Furthermore, the relatively solid description of the ex-
perimental data hints that the dilepton production cross
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FIG. 13. Invariant mass spectrum of dielectrons produced
by pNb reactions at EKin = 3.5 GeV in different dielectron
momentum (pee) windows. Experimental data from [21].
section in np collision at this energy is in better agree-
ment with experimental results than for the lower energy
of 1.25 GeV discussed in Sec. III A 1, since initial pp and
np reactions are roughly equally contributing to the pA
yield.
The here reported findings for the proton-induced
reactions (including the results from Sec. III A 1 and
Sec. III A 2) align with the results from the GiBUU
approach [35]. Differences are found in the low-mass
ω → e+e− contributions and the composition of the
ρ → e+e− yield. The latter is caused by the adaptation
of recent PDG branchings and, in general, a different set
of resonance states. Additionally, the discussion here is
extended to include the spectra for the two pee windows.
Similar efforts as in [35] to improve the agreement with
the np experimental data such as Bremsstrahlung are left
for future work.
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FIG. 14. Invariant mass spectrum of dielectrons produced
by CC reactions at EKin = 1.0AGeV. Data from [22].
C. Nucleus-nucleus collisions
The main goal of research in this field is to study
heavy-ion collisions. In the following, results for three
different nucleus-nucleus collision systems are shown and
compared to experimental data, wherever available. This
section also addresses the question of which spectra are
sensitive to additional medium modifications by deviat-
ing from results based on vacuum properties.It builds on
the above presented dilepton production in elementary
reactions and cold nuclear matter.
1. CC
Light nucleus-nucleus collisions offer a good starting
point for studying dilepton production under the assump-
tion of vacuum resonance properties in larger collision
systems. Results in this section include invariant mass
spectra of the produced dielectrons in carbon-carbon
(CC) collisions for two kinetic energies: EKin = 1.0AGeV
and EKin = 2.0AGeV.
Fig. 14 shows the spectrum for the lower beam energy.
The main contributions originate from the pi, ∆, η and
ρ channels. The ω decays do not have a large impact
on the overall yield. The ∆0 and ∆+ yields are lying on
top of each other, due to the equal numbers of protons
and neutrons, and therefore similar production probabil-
ity. The comparison with HADES data [22] reveals a
disagreement in the low mass region between 0.15 GeV
and 0.4 GeV. Even though the shape potentially matches
the data, the total yield is underestimated. This can be
understood recalling the previously discussed elementary
results in Sec. III A 1 and Sec. III A 2. The dilepton pro-
duction in pp collisions is in good agreement with data,
but too few dileptons are produced by np collisions, in
consequence an underestimation around the same kinetic
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FIG. 15. Invariant mass spectrum of dielectrons produced
by CC reactions at EKin = 2.0AGeV. Data from [80].
energy is expected, since CC is known to be close to a
mere superposition of binary NN reactions [18].
The results for the dilepton invariant mass spectrum
in CC collisions at the higher energy of EKin = 2.0AGeV
are shown in Fig. 15. The pi and η contributions domi-
nate the spectrum up to 0.4 GeV, while above this mass
the yield mainly consists of ρ and ω contributions. At
the highest masses, the φ peak is broadened due to the
low resolution of the detector. The data [23] are nicely
described by the total yield. In the region around the
ω-pole mass (M0,ω = 0.783 GeV), the ρ and ω contri-
butions are slightly overestimated, which might already
indicate an onset of in-medium modifications. Following
the same argumentation as for EKin = 1.0AGeV, that
CC equals a NN superposition as reported in [18], the
agreement with the experimental spectrum suggests that
the dilepton emission for elementary np collisions for en-
ergies higher than EKin = 1.0 GeV is in better agreement
with experimental data.
Compared to the most recent results from the similar
UrQMD transport approach for the same system ([81],
Figure 1), the results presented here compare overall sim-
ilarly to data, but are in better agreement in the low and
the vector meson pole-mass region. That the agreement
is similar or better holds also for the results from UrQMD
for other systems reported in [33, 81]. On the one hand,
differences originate in the detailed investigation of the
ρ-like contribution by studying the decay of baryonic res-
onances (Fig. 9). The input of the relevant branching
ratios in SMASH was carefully constrained by the dilep-
ton data and more recent PDG data [32]. On the other
hand, the different thresholds of the vector meson con-
tributions of the ρ and the ω lead to notable differences.
In particular for the here discussed CC system, the ρ is,
as the second largest yield, a significant contribution in
the low-mass region. The ω low-mass tail is not impor-
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FIG. 16. Invariant mass spectrum of dielectrons produced
by ArKCl collisions at EKin = 1.76AGeV. Experimental data
from [24].
tant for the overall yield. The relative difference to the
ω Dalitz decay is, however, smaller than for pp. In prin-
ciple, the φ meson again has low-mass contributions, but
its yield is again too small to be visible on the chosen
scale.
The fact that the description of the dilepton produc-
tion with SMASH matches the data for EKin = 2.0AGeV
validates the resonance treatment and the approach for
this energy. It also shows that no in-medium modifica-
tions seem to be necessary to describe the dilepton pro-
duction for such small systems or at least that invariant
mass dilepton data are not sensitive to such modifica-
tions. It is important to mention, however, that trans-
port approaches include collisional broadening, even if
the description of the resonances is still based on vac-
uum properties.
2. ArKCl
On the basis of the dilepton production in elemen-
tary and small nucleus-nucleus systems shown above,
larger systems are explored. A good example for an
intermediate-sized collision system is the ArKCl system
at EKin = 1.76AGeV measured by HADES [24]. Within
SMASH it is modeled with a 40Ar projectile hitting a
37Ar nucleus target to emulate an average of the 35Cl
and 39K composition.
Like most of the discussed dielectron invariant mass
spectra, the ArKCl yield shown in Fig. 16 is dominated
by pi and η in the low and the vector mesons (ρ, ω, φ)
in the higher invariant mass region above 0.5 GeV. Since
there are more neutrons than protons in the colliding
nuclei, the ∆0 is slightly above the ∆+ yield. Although
the spectrum is in reasonable agreement with the exper-
0.0 0.2 0.4 0.6 0.8 1.0 1.2
mee [GeV]
10-8
10-7
10-6
10-5
10-4
10-3
10-2
10-1
100
101
d
N
/
d
m
[1
/
G
eV
]
AuAu at 1.23A GeV 
all
ρ→e+ e−
ω→e+ e−
φ→e+ e−
pi0 →γe+ e−
η→γe+ e−
η′→γe+ e−
ω→pi0 e+ e−
∆0 →ne+ e−
∆+ →pe+ e−
FIG. 17. Invariant mass spectrum of dielectrons produced
by AuAu collisions at EKin = 1.23AGeV.
imental data [24] for low and highest invariant masses,
two distinct issues are revealed by the comparison to ex-
perimental data. First, the ρ contribution is too large in
the region between 0.6 GeV and 0.8 GeV. This might be
connected to the overproduction in the exclusive ρ cross
section discussed in Sec. II A 2. The ρ in pp reactions
at EKin = 1.76AGeV (
√
sNN = 2.61 GeV) is almost
solely produced by the overestimated exclusive process
pp → ppρ (Fig. 4). The second issue is an underestima-
tion in the mass region between 0.15 GeV and 0.5 GeV.
In combination both issues indicate the limit of the as-
sumption of resonances with vacuum properties. The low
mass region is known to be enhanced by in-medium mod-
ifications, i.e. a broadening of the vector meson spectral
functions, in particular of the ρ meson [6]. This broaden-
ing has also an influence on the ρ pole mass region, since
the yield in this region will be decreased by a broaden-
ing. That in-medium modifications are relevant is also
supported by the agreement with experimental data for
CC reactions at the similar energy of EKin = 2.0AGeV.
The agreement is expected to translate to a larger sys-
tem, if no additional medium effects become relevant.
This result therefore suggests that dilepton emission in
systems as large as ArKCl is sensitive to in-medium mod-
ifications of resonances that go beyond the intrinsic col-
lisional broadening mentioned above. To verify this hy-
pothesis, a comparison with a coarse-graining approach
[37] that employs in-medium modifications of spectral
functions is presented in Sec. III D.
3. AuAu
The largest collision system discussed in this work
is gold-gold (AuAu) scattering at EKin = 1.23AGeV,
matching upcoming HADES results [40].
The invariant mass dielectron spectrum (Fig. 17),
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which is not acceptance filtered, reveals some differences
to the previous cases even without a comparison to exper-
imental data. The ∆ yield is larger in relation to other
contributions than for smaller systems. The φ peak is
most prominent in this spectrum and the ρ contribution
shows a slight bump at the pole mass, since the reaction
pipi → ρ dominates over the different Dalitz-like N∗ and
∆∗ contributions. Both effects can be explained by the
large amount of secondary reactions. Fig. 17 also shows
an η′ contribution, which is only visible since a large ver-
tical scale is chosen for this plot. This illustrates that its
contribution is negligible, especially for smaller systems.
Furthermore, the limited statistics also suggests that η′
are produced rarely even in a large system.
The ρ is dominant up to the 2mpi threshold and re-
mains one of the leading contributions for lower masses.
Even though the statistics is limited below the hadronic
threshold, it can be seen that the direct ω contribution
is on the same order of magnitude as the ω Dalitz con-
tribution. This shows that towards larger systems (com-
pare Fig. 8 and Fig. 15) the difference between the direct
and Dalitz ω decay becomes smaller. In other words,
the sub-threshold contributions become more prominent
the larger the system. Only the φ contribution remains
small, since it is suppressed for the here discussed low
energies. This might change for higher energies with a
larger overall φ production.
Extrapolating from the already performed experimen-
tal data comparisons, an even larger underestimation in
the intermediate mass region, due to the greater impor-
tance of in-medium modifications in a larger medium,
and an overestimation in the ρ pole mass region is ex-
pected for a future experimental data comparison. New
data will be valuable to further constrain e.g. the φ pro-
duction, as well as clarifying the role of medium effects.
D. Coarse-Graining Approach
In order to investigate the effect of in-medium mod-
ifications, the hadronic evolution of SMASH is coarse
grained (CG) in this section following the original idea
from [82]. This means that macroscopic quantities are
extracted locally from the microscopic transport model,
enabling the determination of thermal dilepton emission
from those regions. The dilepton radiation is therefore a
mix of dilepton production from thermal dilepton emis-
sion rates and the usual hadronic transport contributions.
The framework used for this work is the same as in [37]
and has proven to be reliable in describing experimental
data from SIS up to LHC energies [37, 38, 83, 84]. In the
following, a brief summary of the approach is given, for a
comprehensive review the reader is referred to [37]. The
approach locally averages over the reaction evolution by
splitting an ensemble of collision events into small space-
time cells. For those cells the baryon density ρB and the
energy density  are calculated in the rest-frame. Know-
ing both and assuming (for the beam energies considered
in this work) a hadron resonance gas equation of state,
the local temperature T and baryon chemical potential
µB are determined. Based on the thermodynamic in-
formation, the yield of dileptons from a certain cell is
given by the corresponding thermal emission rates that
include the in-medium modification on the vector me-
son spectral function. The in-medium description used
in the coarse-grained approach employed here is based on
the hadronic many-body theory [10, 43], where the spec-
tral function depends on temperature and density. Since
in-medium modifications at these energies are only ex-
pected to affect the ρ and ω significantly, dilepton yields
from thermal rates are only calculated for these two. If
the temperature drops inside the cells, the assumption
of thermal rates is no longer reasonable; therefore also
non-thermal (freeze-out) transport contributions are in-
cluded, which are known to be of significance only around
the pole masses [37]. The ω Dalitz decay is also part
of the ω freeze-out contribution. Thermal rates together
with the freeze-out contribution form the coarse-graining
contributions for the ρ and ω (CG-ρ and CG-ω). The
last contribution from the coarse-graining approach are
multi-pi states originating from broad resonances. The
dilepton cocktail is completed with the relevant trans-
port contributions of pi, η and φ from SMASH.
Before looking at the results for dilepton emission in
the context of the experimental data, let us show the
thermodynamic properties of the system. An example
for the evolution of the baryon ρB and energy  density
in units of the ground-state density in ArKCl and AuAu
collisions at SIS energies is given in Fig. 18 for the central
cell at the origin of the coarse-graining grid. As expected,
initially the density rises similarly for both studied sys-
tems, while for the AuAu collisions both densities rise
higher and reach a larger maximum (5× ground state
density) later. For both systems the density falls with
time, but faster for the smaller ArKCl system.
Fig. 19 shows the temperature and baryon chemical
potential for the same systems and central cell as above.
The baryon chemical potential quickly rises to a value
of around 900 MeV (Fig. 19 shows µB/3) at 5 fm for
both systems. The temperature reaches its maximum of
100 MeV at around 8 fm and is similar for ArKCl and
AuAu. In this case, the plateau in the chemical potential
for AuAu even extends from 5 to around 22 fm. Note that
the values shown here are maximum values at the point
of highest density in the system to indicate the reach in
the phase diagram.
In summary, the presented results confirm that the cell
evolution is reasonable, since the expectation as well as
results reported in [37, 85] that are based on hadronic
space-time evolution of UrQMD are matched. This not
only further validates the SMASH approach, but forms
the basis for the more advanced analysis of the dilepton
emission of the coarse-grained evolution.
Results for two large systems are presented in the
following - ArKCl and AuAu. The two different ap-
proaches used in this work are compared in the follow-
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ing: First, the dilepton yield from the transport model
SMASH as discussed in the previous sections (referred
to as non-CG); although the medium effect of collisional
broadening is included, no in-medium modifications are
incorporated. Second, the outcome from the coarse-
graining approach, which employs thermal rates includ-
ing an in-medium description for the ρ and ω meson;
those medium-modified dilepton contributions are com-
bined with unmodified cocktail contributions (pi, η, φ)
from the SMASH simulations.
1. Results for the dilepton emission
First, the focus is on the dilepton emission from ArKCl
collisions at EKin = 1.76AGeV. The total SMASH vac-
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FIG. 20. Invariant mass spectrum of dielectrons produced
by ArKCl collisions at EKin = 1.76AGeV within the Coarse-
Graining approach. Dashed lines from coarse graining and
solid lines from SMASH dilepton production (as in Fig. 16).
Experimental data from [24].
uum transport result (non-CG) is underestimating the
invariant mass spectrum for this system in the low mass
region and overestimating it in the ρ pole mass region
(as discussed in Sec. III C 2). Fig. 20 shows the results
from the coarse-graining approach, which again are cut
in momentum and angular distribution as well as filtered
for the acceptance [65] in order to compare to experi-
mental data from HADES [24]. All solid lines refer to
SMASH dilepton production (the same as in Fig. 16).
Out of these only the pi and φ yields are important for
the overall spectrum at low and high invariant masses
respectively. The dashed contributions for ρ and ω dis-
play results from the coarse-graining approach and in-
clude the thermal dilepton rates containing in-medium
modifications and the freeze-out contributions for cold
cells. Also, the multi-pi contribution is added, but has
only little effect on the overall spectrum due to the low
beam energy. On the contrary, the effects on the vector
meson dilepton yield are large. For both, ρ and ω, the
yield is shifted from the pole mass to the low-mass region.
Quantitatively, the agreement of the overall yield (all)
with experimental data [24] in Fig. 20 is greatly im-
proved with the in-medium modifications of the vector
meson spectral functions employed in the coarse-graining
approach compared to the SMASH dilepton production
based on vacuum resonance properties. Only the normal-
ization on the pi multiplicity leads to an overestimation
of the pi peak for low invariant masses and consequently
also to a slight overproduction around 0.15 GeV. It can be
concluded that a sensitivity to in-medium modifications
in the ArKCl spectrum is confirmed within our approach.
For the larger AuAu system the effect of in-medium
modifications is expected to be larger than in ArKCl
collisions. Predictions for AuAu collisions at EKin =
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1.23AGeV within the coarse-graining approach, which
are not acceptance filtered, are shown in Fig. 21. Even
though no experimental data constraints are available
yet, the comparison of the SMASH dilepton result for
the total yield from Fig. 17 (non-CG) with the spectrum
from the coarse-graining approach (all) already hints at
a larger modification of the yield. Differences are ob-
served in the low-mass region and around vector meson
pole masses analogously to ArKCl, but the effect in the
intermediate-mass region seems more pronounced. Also
in the intermediate invariant mass region the multi-pi con-
tribution leads to deviations. Again the only relevant
yields from the SMASH contributions are the pi and φ
channel.
The findings for both ArKCl and AuAu align nicely
with previous results obtained with the UrQMD coarse-
graining transport approaches [37, 85].
2. Comparison of the vector meson yields
The study presented here allows for a unique di-
rect comparison between a coarse-graining approach and
the dilepton production from a hadronic transport ap-
proach. This becomes possible since both rely on the
same hadronic evolution. SMASH also includes low-mass
vector meson contributions, which enable a comparison
in this mass region. The comparison for the total yield
was already shown in the previous section. This sec-
tion focuses specifically on the vector meson (ρ and ω)
dilepton contributions, which are of most interest, since
for them an in-medium spectral function is employed.
Therefore, this allows to contrast the different medium
effects at play: On the one side, the here employed trans-
port approach with collisional broadening and with vac-
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FIG. 22. Comparison of invariant mass spectra of dielec-
trons produced by ρ and ω in ArKCl collisions at EKin =
1.76AGeV within the Coarse-Graining approach versus the
default SMASH dilepton production.
uum resonance properties is shown, which includes the
coupling of baryonic resonances to the vector mesons via
Dalitz decays (as discussed in Sec. III A 1). On the other
side is a full in-medium description of the vector meson
spectral functions.
Fig. 22 shows the direct comparison between the vector
meson yields for the ArKCl system discussed above. As
expected from a broadening scenario of the vector me-
son spectral function, an enhancement of the low-mass
tail together with a decrease in the pole mass region,
especially for the ρ yield, is observed. The ρ yield from
the coarse graining shows an almost exponential decrease
with mass and dominates the spectrum over most of the
covered invariant mass range. The ω yield is only around
its pole mass equally large. Also, the broadening of the ω
spectral function is nicely reflected in the dilepton emis-
sion around the peak.
Fig. 23 again shows the shift away from the pole masses
in the ρ and ω yield, in this case for the AuAu system.
Again, the broadening of the ω peak and the enhance-
ment of the ρ low-mass tail is nicely observed. The shape
of the ρ contribution almost completely flattens out and
reveals an exponential decrease, whereas for the ω a dom-
inating peak around the pole mass remains.
Both comparisons in Fig. 22 and Fig. 23 interestingly
reveal that the SMASH contributions obtain a low-mass
tail similar to the CG contributions. In SMASH, the
Dalitz-like tail for low masses stems from the different
baryonic-resonance contributions (compare Fig. 9). Al-
though this is not a medium effect, since it is already ob-
served in proton-proton reactions, the underlying mecha-
nism leading to the pronounced low-mass tail, namely the
coupling of the vector meson to baryonic resonances, is
the same that is found to be important for the in-medium
modifications of the spectral functions used in the coarse
graining framework [10, 43]. It is clear from the differ-
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1.23AGeV within the Coarse-Graining approach versus the
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ences that collisional broadening plus baryonic Dalitz de-
cays cannot account for the whole effect of the medium.
Nevertheless, the presented results quantify the different
effects on the dilepton spectrum for the first time.
IV. SUMMARY AND OUTLOOK
In this work, the complete set of available dielectron
production measurements at SIS energies based on a
new hadronic transport approach (SMASH) is discussed.
SMASH relies on resonance interactions with vacuum
properties and the corresponding dilepton production is
validated by a good agreement with experimental data
in proton-nucleus and nucleus-nucleus collisions up to a
system size of CC reactions. The agreement originates in
the solid description of elementary pp collisions. Only for
a low kinetic energy around 1 GeV is an underestimation
for quasi-free np collisions and subsequently for CC is ob-
served. Overall, the description of low energy collisions
is comparable with similar transport approaches.
In SMASH the dilepton decays are taken into account
for the spectral function calculation for all vector mesons
(ρ, ω, φ), leading to contributions from their direct dilep-
ton decays down to 2me below the hadronic threshold.
Such contributions are found to be significant for the low-
mass region and to become more prominent the larger the
collision system is.
The hadronic transport approach is complemented by
a coarse-graining approach based on the same hadronic
evolution to study the sensitivity of the invariant mass
spectrum to in-medium modifications of the vector me-
son spectral function. Both revealed similar features in
their dilepton contributions. Nevertheless, the transport
description including the coupling to baryons and colli-
sional broadening cannot account for the necessary sig-
nificant modifications visible in larger collision systems
caused by an in-medium description of the vector me-
son spectral function. The significance of an in-medium
description is noticed already for the here investigated
low energy collisions beginning with systems as large as
ArKCl.
The presented results include predictions for upcoming
HADES results for pip and AuAu reactions. Comparisons
to experimental data of the former specifically probe the
coupling of the ρ meson to the N∗(1520) baryonic res-
onance, while the AuAu system is expected to be even
more sensitive to in-medium modifications than the al-
ready studied ArKCl collisions indicated by the presented
prediction of the coarse-graining approach.
Based on this well-understood baseline for the dilep-
ton production from the hadronic sector for low beam
energy collisions in the future the dilepton production
in intermediate and high beam energy collisions can be
addressed. Dilepton emission from intermediate beam
energy collisions is one of the promising observables of
the CBM experiment at FAIR. Hybrid approaches allow
us to explore the high beam energy reactions of RHIC or
LHC bycombining the dilepton radiation from a hydro-
dynamic calculation with the emission from a hadronic
afterburner, where SMASH can be applied for the non-
equilibrium hadronic evolution.
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Appendix A: Transverse momentum and rapidity
spectra for pp collisions at EKin = 3.5GeV
The lepton pair transverse momentum and rapidity
from reactions at EKin = 3.5 GeV are compared to ex-
perimental data from [20] in different invariant mass win-
dows that reflect the different dominant contributions
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FIG. 24. Transverse momentum spectra of dielectrons produced by pp collisions at EKin = 3.5 GeV in different invariant mass
windows. Experimental data from [20].
over the invariant mass range. Below 150 MeV the pi0
Dalitz decay dominates. Between 150 MeV and 470 MeV
the η decay is the largest contribution, while above 470
MeV and below 700 MeV the ρ channel exceeds the oth-
ers. Above 700 MeV the ω peak is dominant. The plots
in Fig. 24 and Fig. 25 show that also for those more
differential spectra that probe specific channels and dif-
ferent kinematic observables that probe different regions
of the phase space agreement with experimental data is
reasonable.
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